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ABSTRACT 
We report a study of the pair potential of mean force between dodecane thiol ligated gold 
nanoparticles (AuNPs) in water vapor and in vacuum using all-atom molecular dynamics 
simulation. We find that when exposed to water vapor at 300 K there is very rapid condensation 
of water onto the surface of the AuNPs in the form of clusters of 100-2000 molecules, which are 
mobile on the ligand surface and eventually coalesce into a few large clusters. Our calculations 
show that a water cluster bridging two AuNPs provides an adhesive force that alters the shape of 
the pair-potential of mean force.  That change of shape includes a decreased curvature near the 
minimum, consistent with experimental data showing that cyclic exposure to water vapor, i.e. 
increased humidity, decreases the Young’s modulus of a monolayer of AuNPs, and removal of 
humidity reversibly increases the Young’s modulus of the monolayer.  We conclude that a 
network of such water bridges between AuNPs is the likely cause of the reduction in rigidity of a 
dry AuNP monolayer after being immersed in water vapor. 
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INTRODUCTION 
    This paper is concerned with the influence 
of water vapor on the potential of mean 
force between a pair of dodecane thiol 
ligated Au nanoparticles (AuNPs).  Our 
interest in this subject was stimulated by the 
results of a study, by Jaeger and coworkers,1 
of the Young’s modulus of a freely 
suspended self-assembled monolayer of 
these AuNPs.  They report that exposure of 
the monolayer alternately to dry N2 and N2 
saturated with water at 25˚C generates 
reversible cyclic variation of the Young’s 
modulus between about 7 GPa (dry) and 1 
GPa (wet).1  Notwithstanding the likely 
contribution of multi-AuNP interactions to 
the stability of the monolayer, this 
observation implies there is a substantial 
alteration of the AuNP-AuNP pair 
interaction that is generated by low density 
water vapor.   
    It is well established that the interactions 
between ligated NPs in vacuum and when 
fully immersed in a bulk solvent are 
different,1-41 but the possibility for, and the 
physical basis of, the change in AuNP-
AuNP interaction when exposed only to low 
density water vapor has not been examined.  
In this paper we provide a calculation of the 
change in the potential of mean force 
between a pair of AuNPs that is generated 
by low pressure water vapor.  In particular, 
our calculations show how water molecules 
adsorbed on the hydrophobic AuNP ligand 
shell form mobile clusters, how these 
clusters move, and how, as the AuNP-AuNP 
separation decreases, the intervention of one 
water cluster between the AuNPs affects the 
potential of mean force.  We argue, from the 
results of the simulations, that changes in 
shape and size of that bridging water cluster 
alter the shape of the potential of mean force 
in the neighborhood of its minimum and 
extend the range of AuNP-AuNP interaction 
in a fashion that is consistent with the 
observed water vapor generated change in 
the Young’s modulus of the monolayer.   
A ligand-dressed nanoparticle is a very 
complicated many-body system.  A proper 
description of the interaction between two 
AuNPs as a function of only their center-to-
center separation requires averaging over 
AuNP orientations, ligand chain 
conformations, and the ligand attachment 
distribution over the core nanoparticle.  That 
interaction is, consequently, a free energy, 
which we refer to as the pair potential of 
mean force.  A substantial number of 
molecular dynamics simulation studies of 
the ligand structure of isolated AuNPs and 
of the interactions between AuNPs have 
been reported.10-41 The more sophisticated of 
these investigations involve simulations that 
use full atom15-18, 26, 27, 29, 30, 40 and pseudo-
atom (united atom) force fields,12, 14, 20, 21, 22, 
31, 34 amongst which are a few investigations 
of the importance of the three AuNP and 
four AuNP interaction level deviation from 
additivity of the pair potential of mean 
force.14, 15, 28, 31, 33, 37  The interpretations of 
the results of the simulations from which the 
AuNP-AuNP interaction is derived, taken 
together, are qualitatively consistent, albeit 
with some differences that are specific to the 
model representations of the AuNP.  In 
particular, these simulations establish that 
the interaction between the ligands of the 
dressed nanoparticles, not the core-core 
interaction, determines the AuNP pair 
potential of mean force.  As already 
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mentioned, they also establish that the 
vacuum and the immersed in solvent AuNP-
AuNP pair potentials of mean force are very 
different.  When the AuNP is immersed in a 
liquid solvent the ligand conformations 
depend on the qualitative character of the 
ligand-solvent interaction.12, 16, 18, 20, 24, 25 In a 
good solvent, in which the ligand has 
extended conformations, the wet AuNP pair 
potential of mean force is, typically, 
everywhere repulsive.  In a poor solvent, in 
which the ligands have compact 
conformations, the solvated AuNP pair 
potential of mean force has a strong 
minimum.3, 17, 21, 26, 27 As noted above, the 
interaction between two AuNPs immersed in 
a low-density vapor of solvent has not, to 
our knowledge, previously been studied.  
The case we consider in this paper is 
particularly intriguing because the ligand 
shell of the AuNP is hydrophobic.  
However, studies of the adsorption of water 
on saturated hydrocarbon surfaces26, 27 lead 
to the expectation that some water molecules 
will be adsorbed on the AuNP surface.  How 
those water molecules are configured on the 
AuNP surface and how they affect the 
ligand conformations both contribute to the 
change in the pair potential of mean force 
from the form it has in a vacuum. 
 
RESULTS AND DISCUSSION 
Our results compare two systems: one 
with AuNPs in a vacuum and another with 
AuNPs in the presence of water vapor.  The 
molecular dynamics simulations, both dry 
and wet, were carried out in a simulation 
cell containing two ligated AuNPs using a 
combination of the DASH MD engine48 and 
the LAAMPS MD code.49  These 
simulations of the pair potential of mean 
force explored a range of center-to-center 
AuNP-AuNP separations from 5.7 nm to 10 
nm in the NVT ensemble at T = 300K.  At 
each AuNP-AuNP separation, the pair 
potential of mean force was calculated 
averaging over a sampling of equilibrated 
nanoparticle orientations. 
The ligated AuNP was modeled as a 
spherical 5.0 nm diameter Au core dressed 
with all-atom dodecane thiol (CH3(CH2)11S) 
ligands.  282 ligands were distributed 
around the core surface, giving a fractional 
surface coverage of 78% (3.6 ligands/nm2) 
that corresponds to the coverage of the 
AuNPs used in the experiments reported by 
Jaeger et al1.  We assume maximum 
coverage is 4.6 ligands/nm2 via studies by 
Schreiber48 and Pensa et al.47 Throughout 
the simulations, the sulfur head groups were 
held immobile on the core and thus are not 
allowed to migrate around the surface of the 
core.  For the wet simulations, 4810 SPC 
water molecules were initially uniformly 
distributed throughout the simulation cell.  
This choice of number of water molecules is 
consistent with the study of water adsorption 
on alkane surfaces reported by Thomas et 
al,50 who found that at 25˚C and 100% 
relative humidity the adsorbed water 
occupied the equivalent of 80% of a 
monolayer but was condensed in droplets 
likely localized at imperfections in the 
alkane surface.  Our results similarly 
showed the simulated water molecules 
condensing into droplets on the AuNP 
ligand shells with a water cluster-AuNP 
contact angle (110˚ - 130˚) that agrees with 
the contact angle reported by Thomas et al.50
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Figure 1.  Two views of the radial distributions of carbon atoms in the ligand distributions of a 
single isolated AuNP in vacuum with 3.6 ligands/nm2.  The left panel shows the radial 
distribution of all 12 carbon atoms in the ligand chain, and the right panel shows the radial 
distribution of the end carbon.  These distributions are the averages computed from 100 ligand 
configurations after equilibrium is established. 
The water cluster mobility in the wet 
system is one important feature that drives 
the difference between the pair potentials of 
mean force of the wet and dry systems.  
When calculating the interaction between 
dry AuNPs, all of the atoms are bound in the 
AuNPs.  When calculating the interaction 
between wet AuNPs, at equilibrium there is 
continuous exchange between water 
molecules adsorbing to and desorbing from 
the ligand shells, as well as fluctuations in 
the positions and number of adsorbed 
clusters of water molecules via merger of 
droplets.  The evolution of the wet AuNP 
system has some resemblance to the 
trajectory of condensation of vapor via 
nucleation of droplets of liquid.  In that 
nucleation process, because of the addition 
and loss of molecules from the droplet, and 
accounting for the heat of condensation, the 
kinetic temperature of the droplet fluctuates 
(see Figs. 1 and 4 of Kraska51).  This 
phenomenon is apparent in our calculations, 
at any particular wet AuNP-AuNP 
separation, by the occurrence of fluctuations 
in the energy of the system separated by 
plateaus of constant energy. 
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Figure 2.  The pair potential of mean force between dry AuNPs with 3.6 ligands/nm2.  The 
vertical bars on the potential curve display the average of the range of the interaction associated 
with different orientations of the ligand shells at those core-core separations. 
The Two-AuNP System in a Vacuum 
We begin the discussion of the results of 
our simulations with an examination of the 
pair potential of mean force in vacuum and 
of the shape of the ligand envelope.  Figure 
1 displays the radial distribution of ligand 
carbon atoms for the model of the isolated 
AuNP described in the previous Section 
with ligand coverage of 78% (3.6 
ligands/nm2).  The modulation of the 
distribution as a function of carbon atom 
separation from the core, especially in the 
portion of the ligand chain closest to the Au 
surface, indicates that the chain is quite stiff, 
but the radial distribution of the end carbon 
of the ligand chain peaks well before the 
maximum extension of the chain.  Figure 2 
displays the pair potential of mean force 
corresponding to ligand coverage 3.6 
ligands/nm2.  The vertical bars on the 
potential curve display the average ranges of 
the interaction associated with different 
orientations of the ligand shells.  
 
Influence of Water Vapor on the Pair 
Potential of Mean Force 
    All calculations were initiated with the 
water molecules distributed over the volume 
in the simulation cell that is not occupied by 
the AuNPs.  We found that the water in the 
system rapidly adsorbed onto the surface of 
the nanoparticles and, just as inferred by 
Thomas et al50 from macroscopic 
measurements, the water adsorbed on the 
ligand surface forms clusters rather than a 
monolayer.  These clusters are not 
stationary; they change shape over time, 
move on the AuNP surface, and sometimes 
merge with each other. 
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Figure 3. Comparison of the radial distributions of carbon atoms under and not under water 
clusters in the ligand distributions of an isolated AuNP in water vapor with 3.6 ligands/nm2.  The 
left panel shows the radial distribution of all 12 carbon atoms in the ligand chain, and the right 
panel shows the radial distribution of the end carbon. Carbons belonwhat ging to ligands under 
water clusters are shown with the dashed green line, and those not under water clusters with the 
solid purple line. 
After 2 nanoseconds of equilibration the 
system was typically left with between 3 and 
8 water clusters, each consisting of 
anywhere from 100 to 2000 water 
molecules.  In individual simulation runs for 
a particular pair separation, instantaneous 
configurations of the equilibrated system are 
observed to have more water molecules on 
one particle than the other, or an asymmetric 
distribution of water clusters about the line 
of centers.  However, the expected 
symmetry of the water distribution is 
established in the average generated when 
data from different runs and equilibration 
times are sampled.  We display in Fig. 3 the 
radial distributions of ligand carbon atoms 
under and not under water clusters for an 
isolated AuNP with ligand coverage of 3.6 
ligands/nm2. While the solid curve in that 
figure differs in shape from the similar curve 
in figure 1, this is an effect of slightly 
different starting parameters in the 
simulation and not an effect of the added 
water vapor.  These data imply that the 
distribution of all carbons in the chain, 
shown in the left panel, is rather insensitive 
to the water coverage.  Yet the distribution 
of the end carbon (right panel) shows a 
major difference between the peak heights 
of the covered and uncovered carbon 
distributions, at about 37 Å, three quarters of 
the thickness of the ligand shell.   
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Figure 4.  VMD renderings of a single AuNP with visible water clusters (left) and invisible 
water clusters (right).  Note the flattening of the ligand shell in the water-ligand interface. 
 
This change in peak height of the carbon 
atom distribution is in the direction that 
corresponds to a densification of the outer 
region of the ligand shell under the water 
cluster, which is apparent in a flattening of 
the ligand shell, as seen in the VMD 
displays in Fig. 4.52 
The VMD renderings shown in Figs. 5 
and 6 provide a static representation that 
captures other key qualitative features of the 
results of our calculations; these renderings 
are explored in more detail in our 
supplemental videos.  Figure 5 displays 
three snapshots at different times of the wet 
isolated AuNP; all of the snapshots are at 
moments after equilibration has been 
achieved.  The images show the movement 
and reshaping of the water clusters in the 
equilibrium state.  Figure 6 displays 
comparable snapshots of equilibrium water 
cluster shapes and distributions for several 
AuNP-AuNP center-to-center separations.  
Of particular interest is the cluster of water 
molecules that forms between the two 
nanoparticles, acting as a bridge between 
them.  In the sequence displayed in Fig. 6, at 
the largest AuNP-AuNP separation (100 Å) 
this cluster is slightly offset from the line of 
centers between the particles. When the 
AuNP-AuNP separation is decreased over 
the range 100 Å to 80 Å the offset increases 
as the water cluster is forced out by the 
hydrophobic ligand chains, and once the 
ligand shells of the two particles touch (< 80 
Å) the water cluster sits in the niche formed 
between the two particles.  It is this water 
bridge and its change in shape as the AuNP-
AuNP separation changes, that generates the 
difference between the dry and wet pair 
potentials of mean force.  The qualitative 
picture that emerges has the water bridge 
remaining adsorbed to both nanoparticles as 
the wet AuNP-AuNP separation increases, 
during which separation the water bridge 
shape changes but its volume changes 
relatively little.  We will make use of this 
observation later in our interpretation of the 
contribution of water vapor to the pair 
potential of mean force.  The pair potentials 
of mean force for dry and hydrated AuNPs 
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with ligand coverage 3.6/nm2 are shown in 
Fig. 7. 
We note that the mechanism by which 
water droplets on the AuNP surface merge 
resembles that observed in the coalescence 
of macroscopic water droplets on a 
surface,53, 54 and this resemblance suggests a 
test of the accuracy of the SPC water-ligand 
interaction we have used in these 
simulations.  The VMD renderings show 
that the water clusters in the simulation data 
are large enough that it is possible to define 
the water-AuNP surface contact angle with 
relatively small uncertainty.  We find that 
the contact angle between water cluster and 
ligand shell (110˚ – 130˚) to be comparable 
with the experimentally determined contact 
angle (110˚ - 115˚) for water on a paraffin 
surface.50 The very good agreement between 
these values of the contact angle validates 
the ligand-water interaction we have used. 
    The qualitative similarity in behavior of 
the water clusters adsorbed on the AuNP 
with water droplets on a flat surface also 
leads us to conjecture that the water bridge 
seen in Fig. 6 generates an adhesive force 
between the AuNPs that is the principal 
contributor to the difference in pair 
potentials of mean force of dry and wet 
AuNPs.  It is known that interposing a very 
thin liquid layer between two surfaces 
generates an adhesive force that depends on 
surface geometry, liquid-solid contact angle 
and surface tension, surface roughness and 
deformation, and surface motion.  The 
cluster shapes seen in our simulations and 
their locations on the AuNP surface are not 
susceptible to simple analytic representation.   
 
Figure 5.  VMD renderings of water 
clustering on a single AuNP at different 
times in the same simulation (0.5, 0.75, 1.0 
ns from left to right). Note the small number 
of water molecules in the vapor and the 
changes in shape that are a consequence of 
movement of the water clusters on the 
ligand shell.  
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The bridge cluster is, depending on the 
separation of the ligand shell edges, 
sometimes on the center-line between the 
AuNPs, and sometimes in the wedge space 
between AuNPs.  Typically, the water 
cluster in the wedge location does not 
completely encircle the core-core line of 
centers, perhaps because the clusters are too 
small to generate that structure. 
    Nevertheless, a qualitative picture of how 
the water bridge between two AuNPs 
generates an adhesive force, and the 
dependence of that force on AuNP-AuNP 
separation, can be obtained from 
consideration of two model cases: the 
adhesive force between two rigid flat plates 
and the adhesive force between two spheres, 
each generated by a thin film in contact with 
both surfaces.  In the first case, the adhesive 
force is inversely proportional to the square 
of the film thickness (Eq. 7 of Streator55), 
and in the second case the adhesive force is 
proportional to the inverse square of the 
smallest separation between the spheres (Eq. 
61 of Streator55). Noting their divergence at 
zero separation, both of these forces are 
invalid when the separation becomes 
comparable with a molecular diameter.  For 
separations larger than a molecular diameter, 
variation of either the film thickness or the 
smallest separation of spheres is equivalent 
to variation of the AuNP-AuNP separation, 
so in both cases integration of the adhesive 
force with respect to that separation yields a 
long-ranged interaction energy that varies as 
the inverse of the AuNP-AuNP separation.  
To apply this conceptual picture to our data, 
we must choose a separation of the AuNPs 
that corresponds to contact.  
Figure 6.  VMD renderings of a pair of 
interacting hydrated AuNPs at different 
center-to-center separations (98, 88, and 78 
Å from top to bottom). For clarity, only the 
water and the end group Hydrogens are 
shown.  Note the change in position and 
shape of the water cluster that bridges the 
AuNPs as their separation decreases. 
 
There are several plausible choices for this 
separation, e.g. that at which the repulsive 
branch of the dry pair potential of mean 
force crosses zero, that at the minimum of 
the pair potential of mean force, and that at 
which the ligand shells of the AuNPs just 
come in contact (say 80 Å).  In the first two 
of these possibilities the ligand shells of the 
AuNPs overlap, which leads us to prefer the 
third choice, with the argument that the lack 
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of ligand shell overlap is more consistent 
with the macroscopic picture of two spheres 
separated by a thin water layer.  Of course, 
the inferred long-ranged interaction applies 
only to separations greater than that 
minimum.  Figure 7 displays the result of 
adding the putative adhesion potential to the 
dry pair potential of mean force along with a 
comparison of the wet and dry potentials.  
The lines displayed are guides to the eye.  
The two principal observations that can be 
gleaned from Fig. 7 are that the wet pair 
potential of mean force has a broadened 
minimum relative to that of the dry pair 
potential of mean force, and that the inferred 
adhesion potential provides a plausible fit to 
the large separation domain of the wet pair 
potential of mean force. 
 
Figure 7. Comparison of the dry (solid red line, circles) and wet (dashed blue line, triangles) pair 
potentials of mean force for coverage 3.6 ligands/nm2.  Notwithstanding the uncertainties, the 
pair potential of mean force for wet AuNPs lies below that for dry AuNPs and has smaller 
curvature about the minimum. Lines shown are guides to the eye. 
There are many reports of calculations of 
the Young’s modulus of 2D lattices with 
mass points connected in diverse patterns 
(symmetries) and with various interactions.  
To evaluate the lattice energy when the 
lattice is strained these calculations typically 
use a “valence bond” representation that 
includes both harmonic nearest neighbor 
interactions and angle changes with 
harmonic angle bending force constant.  The 
Young’s moduli of the different lattices all 
take the form of a product of a coefficient 
that is a function of the force constants and 
the symmetry of the system multiplied by 
the curvature of the total energy of the 
system at its minimum in the unstrained 
lattice.  It is important to note that the total 
lattice energy has contributions from both 
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stretching and angular distortion of the unit 
cell.  The calculations we report in this 
paper deal only with the pair potentials of 
mean force of wet and dry AuNP-AuNP 
systems.  As such they can be used to 
approximate the energy associated with 
stretching a side of the unit cell in a 
monolayer.  We have no information 
concerning the angular dependence of the 
free energy of a triplet of AuNPs, which will 
include three particle deviations from pair 
additivity of the free energy.  Accordingly, 
we cannot directly calculate the Young’s 
moduli of dry and wet AuNP monolayers 
constructed with our pair potentials of mean 
force from any of the formulae in the 
literature.  However, we can use the 
direction in which the shape of the potential 
at its minimum changes between the dry and 
wet cases, specifically the change in 
curvature at the minimum, to identify the 
direction of change of the Young’s modulus.  
We note that both the dry and wet pair 
potentials of mean force are very 
asymmetric at their minima, so much so that 
fitting a parabola to determine the curvature 
yields ambiguous results dependent on the 
extent to which the curve with larger or 
smaller separation than the minimum is 
emphasized in the fitting.  Nevertheless, the 
qualitative character of the change in 
curvature of the pair potential of mean force 
displayed in Fig. 7 implies that the Young’s 
modulus of the wet AuNPs is considerably 
smaller than that of the dry AuNPs, as 
observed in the experiments reported by 
Jaeger et al.1 
Comparison with Bulk Water 
Simulations 
While our simulations focused on an 
AuNP system exposed to low-density water 
vapor, we can compare them with similar 
simulated systems of AuNPs immersed in 
liquid water.  Using a somewhat different 
model than described in this paper, Prasad 
and Gupta have reported Monte Carlo 
simulations of the solvation with SPC water 
of an isolated ligated AuNP, and of the pair 
potentials of mean force between those 
ligated AuNPs in vacuum and when 
immersed in bulk SPC water.13 Their model 
system differs from that described in this 
paper in the following ways: (i) a united 
atom model rather than an all-atom model is 
used to represent the ligand chains, (ii) the 
ligand studied is decane thiol 
(CH3(CH2)9SH) rather than dodecane thiol 
(CH3(CH2)11SH), and (iii) the Au core 
diameter is smaller (~2.4 nm) than for the 
model AuNPs we have studied.  However, 
the ligand coverage of the core is sensibly 
the same (~76%) as in the calculations 
reported in this paper.   
A comparison of the findings of Prasad 
and Gupta with those we report yields some 
interesting insights.  At the grossest level of 
discrimination, Prasad and Gupta find that 
bulk water barely penetrates the ligand shell 
of the AuNP, consistent with the 
hydrophobic character of the water alkane 
chain interaction, and consistent with our 
findings vis a vis the interface between a 
water cluster and the ligand shell.13 They 
also show that the effect of the bulk water 
environment on the shape of the radial 
density distribution of ligands is very weak, 
just as is the case for the clusters adsorbed 
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on the AuNP (see the left panel of Fig. 3).  
The very weak redistribution of ligand 
conformations evident in the radial density 
distribution conceals a change in the radius 
of gyration of the ligand shell; it is reduced 
from its value in vacuum (14.24 Å) by 
immersion in water (13.62 Å) by 4%, 
consistent with the shift in peak density of 
the distribution of the last carbon in the 
ligand chain for chains covered by a water 
cluster (see the right panel of Fig. 3).   
Finally, Prasad and Gupta’s calculations 
show that the shape of the pair potential of 
mean force of immersed AuNPs differs from 
that of dry AuNPs by asymmetric 
broadening in the direction of larger AuNP-
AuNP separation, just as we have inferred to 
be generated by clusters of water adsorbed 
on the AuNPs.  However, comparison of the 
pair potential of mean force with the AuNP 
configurations (Figs. 10 and 11 in Prasad 
and Gupta13) show that the AuNPs are in 
contact when their separation is 35 Å, at 
which separations both the vacuum and 
water immersed interactions are only one-
third of the respective well depths.  When 
both the dry and wet pair potentials of mean 
force separation is 25 Å the ligand shells of 
the AuNPs are strongly merged; the vacuum 
interaction is, at that separation, somewhat 
greater than at the minimum, and the 
immersed interaction is just about equal to 
that at the minimum.  Clearly, the 
mechanism by which water changes the dry 
pair potential of mean force is different in 
the cases of exposure to dilute water vapor 
and immersion in bulk water.  Of course, a 
fully immersed AuNP pair is in contact with 
a continuous distribution of adjacent water, 
not to separated water clusters, and the 
particular role played by the bridging cluster 
in the dilute water vapor-AuNP system does 
not exist.  Rather, given the modest changes 
in the ligand distribution generated by full 
immersion of the AuNPs in bulk water, it is 
plausible that the dominant contribution to 
the changes in the pair potential of mean 
force arise from molecular reorganization in 
the water immediately surrounding the 
AuNPs, e.g. the local tetrahedral order in the 
water.13 
 
CONCLUSION 
Our simulations reveal that the exposure 
of AuNPs to low density water vapor at 300 
K leads to clusters of water on the AuNP 
surface, and that bridging of the AuNP-
AuNP separation by a cluster of water alters 
the pair potential of mean force between 
AuNPs.  While we were unable to calculate 
the system’s Young’s modulus from just the 
two-particle potential of mean force, our 
results qualitatively suggest a reduction in 
its magnitude, as experimentally observed.  
Further study is necessary to fully 
characterize the AuNP system in water 
vapor.  The inclusion of more nanoparticles, 
while more computationally intensive, will 
lead to greater insight into the importance of 
multiparticle (beyond pair) contributions to 
the interaction and how they affect the 
properties of a monolayer of AuNPs.  
 
METHODS 
In our AuNP model, a number of 
reasonable approximations were made in the 
interest of computational efficiency.  First, 
we approximate the shape of the core as a 
sphere, ignoring the fact that in actuality the 
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gold core is not perfectly spherical and that 
it instead has many facets.  However, this 
approximation is likely very satisfactory 
since the core-core interaction, because of 
the separation imposed by the ligand shells, 
is a very small contribution to the pair 
potential of mean force28.  As a second 
simplification, the dodecane thiol sulfur 
atoms are fixed to the core and thus are not 
allowed to migrate on the core surface 
throughout the simulation.  Given the 
relatively high fractional surface coverage of 
the nanoparticles, we assume any ligand 
migration to have a negligible effect on our 
simulated results.  We construct a ligand 
distribution by first randomly placing the 
head groups on the surface of the Au core, 
then allowing the ligands to move on that 
surface under the influence of the ligand-
ligand interaction until the average head 
group separation equals that corresponding 
to uniform coverage, at which stage they are 
frozen in place.  This procedure leaves a 
distribution of ligand-ligand separations.  As 
a third approximation, the center of the S 
atom is placed at the Au core radius and lies 
half-in, half-out of the core. This placement 
neglects details of the Au-S bonding 
arrangement and initial ligand chain tilt vis a 
vis the facet to which the ligand is bonded, 
but since the water molecules adsorb on the 
outer portions of the ligand chains we argue 
that this approximation is acceptable. 
For all the simulations, the intramolecular 
and intermolecular interactions of the ligand 
chains were represented by the OPLS-AA 
force field42, 43 modified to account for long 
alkane chains, using the parameter set 
developed by Siu, Pluhackova and 
Bockmann.44  To model the water-water and 
water-ligand interactions we used the SPC 
water model.45  The spherical gold core was 
modeled as a sharp harmonic barrier. 
Both wet and dry simulations are started 
with a center-to-center AuNP-AuNP 
separation of 10 nm.  Equilibration of the 
chain configurations of the individual 
AuNPs is accomplished using the DASH 
molecular dynamics engine in the NVT 
ensemble at 300 K with a Nosé-Hoover-
thermostat.  The equilibration step is run for 
1 ns in the dry simulations and 2 ns in the 
simulations with water.  The AuNP-AuNP 
interaction is calculated at successive 
discrete AuNP-AuNP separations that differ 
by 0.1 - 0.5 nm using LAMMPS, with the 
closest center-to-center separation being 5.7 
nm.  The LAMMPS energy minimization at 
each such dry AuNP-AuNP separation is 
carried out for 8 different relative 
orientations of the otherwise fixed ligand 
head group locations on the AuNPs and for 
3 different relative orientations of the wet 
AuNPs.  These different orientations were 
not generated by rotation of the AuNPs.  
Rather, they were generated by repopulating 
the Au cores using the same method as for 
creating the original ligand distribution.  
Given there is a distribution of head group 
separations about the average, this process 
generates different face-to-face ligand 
interactions for each realization.  For each 
AuNP-AuNP separation we collected data 
for 2 nanoseconds after reaching 
equilibrium, corresponding to 2×10! 
timesteps. 
We have averaged over a sampling of 
particle orientations because partially 
covered AuNPs can have non-uniform 
ligand distributions and can thereby present 
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different face-to-face ligand distributions.  
Preparation of a monolayer typically 
involves evaporation of solvent from a drop 
of solution of the AuNPs.  AuNPs can be 
expected to rotate during the process by 
which the monolayer is assembled but to not 
rotate in the monolayer because of contact 
of the ligand shells.  It is then possible that 
the freezing of individual AuNP rotation in 
the monolayer generates, because of the 
presentation to each other of different local 
ligand distributions, somewhat different 
interactions between an AuNP and each of 
its six nearest neighbors, which motivated 
our use of the average of interactions 
associated with a selection of particle 
orientations to define the pair potential of 
mean force. 
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